The existence of an upper limit to the magnitude of floods in a region is a long-standing and controversial hypothesis in flood hydrology. Regional envelope curves encompassing maximum flood magnitudes stabilize with progressive increases in the areal coverage and period of observation (Wolman and Costa, 1984). However, the short lengths of conventional gaging records limit substantial advances in testing whether this stabilization is evidence of an upper limit. In the Colorado River basin there are 32,120 station years of gage data, but the average period at a gaging station is only 20 years, with most stations having less than 70 years of observation. Paleoflood magnitudes derived from sediments of large prehistoric floods from 25 sites on rivers in Arizona and Utah provide additional data to extend the records of the largest floods. The paleoflood data identify the maximum flood discharges that have occurred on individual rivers over the last several hundred to several thousand years. Even with this increase in the observational period, the largest paleofiood discharges do not exceed the upper bound of maximum peak discharges delineated by the envelope curve derived from the available gaged and historical records. This result accords with the hypothesis of an upper physical limit for flood magnitudes and suggests that, for the Colorado River basin, the upper limit can be approximated by existing systematic and historical data for large floods. Similar relationships also hold when paleofloods and gaged records are presented for the subregion of southern Arizona.
INTRODUCTION
Envelope curves encompassing the maximum flood peaks experienced in a region have often served as guides in seeking rules to aid prediction in flood hydrology [Creager, 1939; Crippen and Bue, 1977; Georgiadi, 1979; Crippen, 1982; Wolman and Costa, 1984; Dooge, 1986] . Like other regionalization techniques, this graphical and empirical approach is based on the assumption that the maximum flood per unit drainage area in one basin is likely to be experienced in a nearby basin which is subjected to similar hydroclimatic controls [Mutreja, 1986, p. 676 ]. The conceptual basis for the construction of envelope curves is essentially deterministic and relies on the ergodic principle of space-for-time substitution. Implicit in the approach are the assumptions that there are physical limits to the supply of precipitation to a basin and to the watershed response during a floodproducing storm [Yevjevich and Harmancioglu, 1987] . In contrast, a purely stochastic perspective on the hydrology of extreme floods implicitly assumes that the upper bound of a fitted distribution cannot be determined in most cases with sufficient accuracy; thus in the most commonly used unbounded distributions there is an implicit assumption that there is a nonzero probability that a larger flood will occur in a given basin. Several distributions indicate a gradual inCopyright 1993 by the American Geophysical Union.
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There are three basic approaches in estimating the magnitude of extreme floods: (1) statistical methods including fitting a frequency distribution to a short series of flood measurements and extrapolating to rare (usually unmeasured) event magnitudes and regional flood frequency analyses, which have been shown to be superior to the fitting of a distribution to short flood series [Potter, 1987; National Research Council, 1988] , (2) deriving flood magnitudes from the estimation of hydrologic parameters for rainfall-runoff models, and (3) applying empirically derived relationships between flood discharges and drainage basin characteristics and/or regional climatic characteristics. According to Dooge [1986, p . 53S] none of the three approaches has proven markedly superior to the other. Additional data from paleoflood studies (see below) can contribute to improving each of these approaches [National Research Council, 1988] .
Usually, the statistical approach assumes either no bound or an indeterminate bound to flood magnitude so that the upper tail of the frequency distribution includes discharges greatly in excess of any observed flood. Use of this approach 2287 results in assigning a nonzero exceedence probability to a flood of any magnitude. The rainfall-runoff approach is exemplified by the derivation of the probable maximum precipitation (PMP) and probable maximum flood (PMF). This procedure uses the deterministic "worst case scenarios" and assumes upper bounds to hydroclimatological processes [Hoyt and Langbein, 1955; Costa, 1987; Yevjevich and Harmancioglu, 1987] .
We concentrate here on the seemingly much simpler empirical approach to the understanding of extreme floods as expressed in the compilation of regional envelope curves of maximum flood discharges versus drainage area. Several researchers have noted that incremental increases in the temporal and spatial base of the observational record impart progressively smaller changes in the form and position of envelope curves of peak discharge versus drainage area [e.g., Creager, 1939; Matthai, 1969; Crippen, 1982 In this study we present a means of overcoming these limitations by the addition of results from 25 palcoflood hydrology studies in the Colorado River basin to the data base previously composed of only modern and historical data [see Webb et al., 1988] . This augmentation of the flood record extends the effective length of observation at individual sites by hundreds to thousands of years and thereby allows for an independent evaluation of the hypothesis that an enveloping curve with a sufficiently broad spatial and temporal data base stabilizes at a position approximating a natural upper bound to flood magnitudes in a given region.
The combined gaging records in the Colorado River Basin total 32,120 station years. This total number of station years appears impressively large, yet accepting these data as equivalent to real durations requires an untested assumption of validity in space-for-time substitution. The real duration of observation at any site in this basin is typically limited to less than 70 years, with an average of only 19.8 years. Even the addition of fragmentary historical observations extends individual records to no more than 130 years. The value of the palcoflood data lies in the extension of the real duration of observation [Baker, 1987a, b] . Identifying the maximum floods that have occurred over periods of hundreds to thousands of years provides a way to test the validity of substituting space for time in this region.
The extension of the temporal data base of extreme floods with palcoflood data will test for consistency with the upper limit hypothesis as expressed by the regional envelope curves. If this large increase in record length does not raise the envelope curves based on modem data, then it is likely that the regional synthesis of modern data is sufficient to define the upper limit of flood magnitude that can be expected on a fiver, given its drainage area. Of course, the conclusion would have to be limited to the prevailing physiographic and hydroclimatological conditions of the region and the time scale that characterize the data base leading to that conclusion. In contrast, if the paleoflood discharges exceed the modern curve, then the hypothesis can be considered false.
DATA, METHODS, AND ASSUMPTIONS
Our study focuses on drainages within arid and semiarid parts of the Colorado River Basin in Arizona and southern Utah (Figure 1) , where a large number of paleoflood studies have been conducted. Modern and historical data were obtained from the U.S. Geological Survey WATSTORE data base. Gaged records were used regardless of the station length of observation or whether the data were from several gaging stations within the same subbasin; consequently, the areal distribution of the gaging stations may either underrepresent or overrepresent several subregions in the Colorado River basin. We included published peak discharge esti. mates for ungaged basins as well as estimates for gaged basins that were not part of the regular station records. For the sake of clarity, we included from this last type of data only those data points with magnitudes similar to or larger than the gaged data. We used the procedure adopted by Costa [1987] to construct the envelope curves. This involves simply selecting the uppermost data points representing the largest peak discharges over the entire range of drainage basin areas. An unsmoothed curve was drawn to encompass each chosen data point, so the resulting envelope includes some abrupt changes in slope. The purpose of this study was not to determine an exact relationship, so equations for the resulting curves were not determined.
Accuracy of Systematic Discharge Estimates

Assumptions
In this approach it is assumed that drainage area is the most significant factor affecting maximum flood discharge from a specific basin [Horton, 1936 Table 2 ). Small solid circles denote locations of the largest single flood peak discharges in the gaged and historical records in Arizona, southern Utah, and southv,.estern Calitbrnia. •,hich affect the envelope curves (explanation of numbers in Table 1 ). TM represents the location of five small basins in the Tortolita Mountains where paleofiood studie,• have been performed (see Table 2 ). a.
•umption has been criticized because some floods are known to respond to partial or limited contributing area [, latthai, 1990] . Alternatively, it has been justified by demonstrating that, in specific regions, the largest floods are related to and perhaps can be predicted from the drainage area le.g., summary by Dooge [1986] Table  ' • A related assumption underlying these approaches is that the largest recorded floods resulted from precipitation patterns that were optimal for runoff generation in a particular basin and that the preferred precipitation patterns for generating floods are therefore included in the data. This implies that the data that define the envelope curve are from basins that produce the lai'gest floods because their shape, orientation, elevation, and vegetation distribution are optimal for flood generation. It should be emphasized that the limiting flood hypothesis does not imply that all drainage basins in the selected region have the potential to produce a discharge at the level of the regional envelope curve, but rather it indicates that they will not naturally produce floods that exceed the curve. [Fuller, 1987] . This reach was studied in part to extend the paleoftood methodology described above to more problematic settings. Other than this one study, the paleoflood methodology used for data reported herein corresponds strictly to the "slackwater deposit and paleostage indicator" (SWD-PSI) technique [Baker, 1987a ] applied either to stable-boundary reaches or to reaches with well-known geometry. Data obtained through other paleoflood reconstruction techniques, including regime-based procedures and paleocompetence studies, are not included in the maximum peak paleoflood discharge data base {Table 2).
In Table 2 the discharges are listed according to the ranges reported by the original researchers, and they are the largest paleoflood discharges in each of the studied basins in Utah and Arizona {Figure !). All of these paleoflood studies involved past and present researchers at the Arizona Laboratory for Paleohydrological and Hydroclimatological Analysis (ALPHA) in the Department of Geosciences at the University of Arizona. Because no evidence was cited by the original authors to suggest causes of floods other than precipitation, we assume that all the listed paleofloods were formed through rainfall-runoff processes {i.e., no natural We did not change the extension of the U.S. Bureau of Reclamation's curve to include these floods (Figure 2 ) and if the modern and historical envelope curve is raised to include either these flood magnitudes or corrected magnitudes, it will not change the basic patterns identified in this study.
Although we are concerned about the accuracy of these critical discharge estimates, we directed our efforts at identifying the general position and trend of the upper bound and its relation to the palcoflood data. Therefore curve C ( Figure   2 ) encompasses all of the floods except those which are obviously questionable. This curve can be used as a tool to identify those floods which warrant a reexamination, similar to the suggestion of Costa [1987] The palcoflood discharges fall on or below the curve which envelopes the largest gaged and historical floods (Figure 2 ). Although these palcoflood discharges represent much longer periods of record and are usually larger than modern floods in the individual rivers where they were studied, they nevertheless are remarkably similar to the magnitudes of the largest modern or historical floods in the region. The relation between paleofiood discharges and the regional envelope curve for the Colorado River basin is consistent with the concept that there is a physical or hydrometeorological limit on the magnitude of the maximum flood that can be expected in a given drainage basin [Costa, 1987] .
The existence of a natural upper limit would raise questions about the basic assumption, intrinsic to frequently used statistical flood frequency models, that the upper bound on flood magnitudes cannot be determined and that they are beyond the range of practical concerns. Arguments against an upper limit, or for infinite-tailed distributions, have been challenged before." ß ß ß One can sometimes hear that there is no [upper] limit since there always could be, say, 1 mm more rain than there is in any conceivable rainstorm. This is a fallacious argument following from the inability of the human mind to stop extrapolating which ---may easily lead a hypothetical ß ß ß analyst to calculate the "probability" of a horse-size and even an elephant-size dog" [Klemeg, 1987, p.
9].
Another important result noted by combining these data is the potential effect of climatic variations on flood magnitudes for the rarest events. The influence of climatic variability on the occurrences of extreme floods has been recognized at several time scales, and mechanisms to explain this association have been suggested [Knox, 1983; Webb, 1985 (Table 2) . Even so, field evidence and relative age dating indicate that they are the largest floods to have occurred in these ungaged basins during at least the last several hundred years House, 1991] . All of these paleoflood discharges plot on or below the envelope curve constructed from the gaged data from southern Arizona (Figure 3) . The relationship between the paleoflood discharges and the regional envelope curves is consistent in including an upper limit to flood magnitudes in both the entire Colorado River basin and the southern Arizona subregion. Initial analysis of other subregions within the lower Colorado River basin indicates that they have substantially different envelope curves. Also, different types of storms produce the envelope-shaping floods in each subregion, indicating that hydroclimatology plays a major role in defining the curves. Although it is assumed by the authors that hydroclimatology is the cause for the upper limit of floods claimed by Wolman and Costa [1984] . Additional research on these issues is required.
Applications of Regional Envelope Curves
The largest floods axe responses to the most extreme rainfall conditions that have occurred in both the historical and prehistorical periods. They represent probably the best natural analog to a watershed hydrologic model that is available for integrated response of a drainage basin to extreme meteorological conditions. The peak discharges from the biggest floods that are characteristic of a given region axe those controlling the shape and position of the regional envelope curve. Therefore we think that these curves embody critical information on the nature of regional flood magnitudes.
Although interesting scientifically, key questions regard.
ing envelope curves [Wolman and Costa, 1984] are whether they can be sufficiently precise, objective, and useful for engineering purposes. We do not attempt to answer these questions, but we note that agreement between the curves and the paleoflood data for this particular region adds a new level of confidence to the method. Almost all reports related to envelope curves add a disclaimer that they are only useful as a first test of expected flood magnitude estimated by other means. The intent of such statements is to reduce strict reliance on such curves [e.g., Crippen, 1982] . However, Costa [19871, who shows more confidence in the significance of the information derived from envelope curves, states that if a computed flood discharge for a given drainage area plots well above the curve, the flood needs to be carefully reexamined. In this presentation we do not intend to develop maximum flood relations to be used in hydrological applications but rather to point toward a phenomenon borne out from the combination of paleoftood and gaged data. The results from the Colorado River basin demonstrate that much more information is present in the peak discharges of the largest floods than is generally acknowledged.
The observations reported here generally support the assumption underlying the design storm approach in which an extreme storm is determined for a given basin and the discharge of the resulting flood is calculated using rainfallrunoff modeling. Nevertheless, specific PMF and 100-year flood estimates available to us exceed values estimates from the envelope curve, some by a great amount. Consequently, they are also in excess of the largest paleoflood discharge estimates for the corresponding drainage basins (Table 3} . This inconsistency between the PMF estimates and the actual regional data (gaged, historic, and paleofloodsl is a cause for concern. It may indicate that, for this hydrologic• For floods in the Colorado River basin, the rarer annual peaks can be immensely larger than the more common peaks, while for Northeastern floods they are only slightly larger. The "barnyard fowl" analogy of Horton [1936] may have a corollary that is applicable here. The Northeastern fowl with a gradual growth curve of egg size, might not easily foresee its egg-laying limit at a reasonable probability level; however, the Colorado basin fowl is faced, at least locally, with a catastrophic growth curve. There may be limits both to eggs and floods but the ability to foresee them may vary considerably from region to region.
A caveat is in order for those whose interest lies in identifying an upper limit to flood magnitude in a specific watershed. The envelope curve, confirmed by palcoflood data from the last few thousands years, is a potential indicator of that limit, and in some regions, one that may be superior to approaches relying on extrapolation from much shorter temporal records. However, the envelope curve will not provide the magnitude for the largest flood to be expected in a specific basin. Such a determination is best made by using site-specific palcohydrological information.
It must be emphasized that the deterministic and stochastic approaches are philosophically distinct. The envelope represents averaged conditions over a region. It shows the habitual natural response of that region in terms of the largest, rarest events. The extrapolation of short-term data and/or the modeling of parameters idealized to characterize the region both convey the specific theoretical response of basins considered to be representative of individual cases in the region. It is hoped by some in science, without testing, that these two approaches will converge on the same results. For Colorado River basin peak flood data, conventional and palcoflood combined, it seems that the convergence has not yet been achieved.
CONCLUSIONS
Discharges reconstructed from paleoflood data in the Colorado River basin do not alter the position of regional flood envelope curves based on gaged and historical records, despite recording several thousand years of extreme events at multiple sites. The result is best explained by the existence of a physical upper limit to flood magnitudes that has persisted through the last several centuries to millennia. The result also indicates that extremes in precipitation intensity and areal coverage of storms during the last several centuries have not been larger than the extremes observed in the gaged record. Our primary conclusion is that it is unlikely that any drainage in the Colorado River watershed will produce a flood that exceeds the curve. Any preliminary flood magnitude estimates that appear to exceed this curve should be very carefully reviewed for methodological problems in discharge estimation.
